To investigate the adaptive mechanism of wheat under high light, osmotic stress, and salt stress, redox regulation, and photosynthesis were compared. Under high light, the activities of antioxidant enzymes, except for catalase, significantly increased and then decreased after 1 and 3 h, respectively. Under osmotic stress, antioxidant enzyme activities significantly increased and subsequently declined. Except for superoxide dismutase, salt stress induced a significant increase in all the antioxidant enzyme activities. A significant decrease of D1 protein by high light and osmotic stress, strong photophosphorylation of D1 and D2 under high light and salt stress were observed, while all the stresses induced upregulation of PsbS protein. Eight stress-associated genes (TaMYB73, TaABC1, TaOPR1, TaASR1, TaWRKY44, TaWRKY2, TaWRKY19, and TaCIPK29) showed different expression levels under all the stresses. We conclude that the wheat plant adopted various strategies by regulating the antioxidant system, expression of stress-responsive genes, and photosystems under different abiotic stresses. ; Fv/Fm -maximal quantum yield of PSII photochemistry; GPX -glutathione peroxidase; GR -glutathione reductase; NPQ -nonphotochemical quenching; POD -peroxidase; qNnonphotochemical quenching coefficient; qP -photochemical quenching coefficient; ROS -reactive oxygen species; SOD -superoxide dismutase; TaABC1 -ABC1 protein kinase; TaASR1 -abscisic stress-ripening protein 1; TaCIPK29 -CBL-interacting protein kinase 29; TaMYB73 -MYB transcription factor 73; TaOPR1 -12-oxophytodienoate reductase 1; TaWRKY2 -WRKY DNA-binding protein 2; TaWRKY19 -WRKY DNA-binding protein 19; TaWRKY44 -WRKY transcription factor 44; ΦNA -reduction status of PSI acceptor side; ΦND -oxidation status of PSI donor side; ΦPSI(II) -photochemical quantum yield of PSI(II).
Introduction
Wheat is one of the main food security crops, and it serves as a basic staple food to meet the daily calorific and protein needs of most people in the world. However, the increase in the frequency and magnitude of environmental stresses during the growth and development of wheat is predicted to be the main factor concerning the loss of cereal productivity (Barnabás et al. 2008 , Farooq et al. 2011 . Some studies from wheat and rice indicated that environmental stresses usually affect the growth and development of crops at almost all developmental phases (Shah et al. 2011, Cossani and Reynolds 2012) . In addition, abiotic stress factors can influence the production of secondary metabolites in higher plants (Ramakrishna and Ravishankar 2011, Mbarki et al. 2018) .
Among abiotic stresses, osmotic stress is thought to be one of significant environmental stresses that affects plant growth and development (Chaves 1991) . Previous studies showed that drought led to the stomatal closure and decrease in photosynthetic efficiency (Loggini et al. 1999, Grassi and Magnani 2005) . Salinity is another abiotic stress, which affects crop productivity, photosynthesis, stomatal closure, and causes oxidative stress (Flowers 2004 , Chen et al. 2018 . Besides, high light often results in photoinhibition and decrease in photosynthetic activity (Powles 1984 , Chen et al. 2017 . It is reported that the reaction center of PSII is the key site, where damage caused by various environmental stresses occurs in the photosynthetic apparatus of plants (Adir et al. 2003 , Murata et al. 2007 . Although our previous studies indicated that PSII proteins showed different changes under different environmental stresses in different plant species (Chen et al. 2016a (Chen et al. , 2017 , it is still unknown how PSII proteins response to different environmental stresses in the same plants.
Reactive oxygen species (ROS) were found to be generated during photosynthesis process (Mehler 1951) . Excessive accumulation of ROS, such as superoxide radical (O2 •-) and hydrogen peroxide (H2O2), can lead to severe oxidative damage in plants, especially under environmental stresses (Mittler 2002) . The accumulation of ROS can damage cell membranes and other macromolecules including photosynthetic pigments, proteins, lipids, and nucleic acids (Gill and Tuteja 2010) . Our recent studies also showed that high light, drought, and salt stress resulted in the obvious ROS accumulation in wheat, maize, and Arabidopsis (Chen et al. 2016a (Chen et al. , 2017 (Chen et al. , 2018 . To alleviate the toxic effects of ROS on photosystems under environmental stresses, photoprotection mechanisms are usually activated through the nonphotochemical quenching (NPQ), by which the excessive light energy absorbed by the pigmentbinding proteins is dissipated as heat (Niyogi 2000) . In addition, different plants also have developed enzymatic and nonenzymatic antioxidant system to alleviate oxidative stress resulting from environmental reasons (Mittler et al. 2004) . Many previous studies indicated that the activities of antioxidative enzymes and nonenzymatic antioxidants showed different changes in different plants under environmental stresses (Chen et al. 2016a (Chen et al. , 2017 (Chen et al. , 2018 . Therefore, it is very important to investigate the different responses of the antioxidant system to different environmental stresses in the same plant.
In the present study, photosynthesis and antioxidant system of wheat seedling under three environmental stresses (osmotic stress, salt stress, and high light) were investigated by comparing the differences in photosynthetic efficiency, gas-exchange parameters, the activities of antioxidative enzymes, ROS accumulation, the occurrence of photosynthetic proteins, and phosphorylation of PSII proteins. The major aim of this work was to explore the responses of the same plant to different environmental stresses in term of oxidative stress and redox regulations. Our results showed that different responses of the antioxidant system and the levels and phosphorylation of PSII proteins are involved in the oxidative damage and redox regulation in wheat under environmental stresses.
Materials and methods
Plant materials and stress treatment: Sterilized wheat (Triticum aestivum L., cv. CN19) seeds were sown in Petri dishes and germinated for 72 h at the room temperature in the dark. Then, the seedlings were cultured with 1/2 Hoaglandꞌs solution in the greenhouse (25/20°C day/ night temperature; a photoperiod of 16/8-h day/night; PPFD of 250 μmol m −2 s −1 ; 75-85% relative humidity). After two weeks, wheat seedlings (third-leaf stage) were subjected to three environmental stresses (Table 1S, supplement) . For high light, wheat seedlings were exposed to 1,500 μmol(photon) m −2 s −1 for 1 h or 3 h. Osmotic stress was imposed by submerging wheat roots into 1/2 strength Hoagland solution containing 20% (w/v) polyethylene glycol (PEG)-6000 with an osmotic potential of -0.5 MPa for 1 d or 3 d. For salt stress, plants were treated with 0.3 M NaCl for 1 d or 3 d. Control plants were cultured in 1/2 Hoagland solution. After different treatments, physiological and biochemical parameters were determined.
Chlorophyll (Chl) contents and leaf water status:
Wheat leaves (0.5 g) were homogenized in 80% (v/v) acetone, and contents of Chl were determined by measuring absorbance at 663 and 645 nm, using a UV-visible spectrophotometer (Hitachi-U2000, Tokyo, Japan). Contents of Chl a and b were calculated according to Arnon (1949) .
Leaf water status in the fully developed leaves was estimated by measuring the relative water content (RWC). RWC was calculated following the formula: RWC = (fresh mass − dry mass)/(turgid mass − dry mass) × 100%. The turgid mass was obtained after putting the leaves into distilled water in darkness at 4°C overnight, until they reached a constant mass. Dry mass was determined through keeping the turgid leaf in an oven with 85°C for 24 h.
Total protein content and osmotic regulators:
The measurement of the total proteins was performed according to the previous method using a UV-visible spectrophotometer (Hitachi-U2000, Tokyo, Japan) (Lowry et al. 1951) . Soluble sugar and proline in the leaves were extracted using 80% (v/v) ethanol solution and 30% (w/v) sulfosalicylic acid, respectively. Then, contents of soluble sugar and proline were measured as described previously by Thomas (1977) and Bates et al. (1973) , respectively.
Measurements of malondialdehyde and electrolyte leakage:
The extraction of malondialdehyde (MDA) in wheat leaves was performed using thiobarbituric acid (TBA) solution according to the method of Chen et al. (2015) . After centrifugation, the absorbance of the supernatant was monitored at 532 nm and corrected for nonspecific turbidity by subtracting the absorbance at 600 nm. Electrolyte leakage (EL) was determined by using a conductivity meter (DDSJ-308A, Shanghai Precision Instruments Co. Ltd., Shanghai, China) according to the method of Chen et al. (2015) . The relative EL was obtained according to the ratio of the initial conductivity to the absolute conductivity.
Analysis of Chl fluorescence and gas exchange:
Chl fluorescence of leaves was determined with an Imaging PAM M-Series Chl fluorescence system (Heinz Walz Instruments, Effeltrich, Germany) at room temperature according to the manufacturerꞌs instructions. All samples were dark-adapted for 30 min prior to the fluorescence measurements. Values of F0 (minimum fluorescence yield) and Fm (maximum fluorescence yield) were averaged to improve the signal-to-noise ratio. An irradiance of 180 µmol(photon) m −2 s −1 was given as actinic light. The maximal quantum yield of PSII photochemistry (Fv/Fm), the photochemical quenching coefficient (qP), the effective quantum yield (ΦPSII), and the nonphotochemical quenching coefficient (qN) were calculated according to the method of Maxwell and Johnson (2000) . Image data acquired were normalized to a false color scale in each measurement.
A dual PAM-100 fluorometer (Heinz Walz Instruments, Effeltrich, Germany) with a ChlF unit and P700 dual wavelength (830/875 nm) unit was applied for the measurement of PSI photochemistry in seedling leaves according to Klughammer and Schreiber (1994) . Oxidation status of PSI donor side (ΦND), reduction status of PSI acceptor side (ΦNA), and the effective quantum yield of PSI (ΦPSI) were obtained according to the previous method (Klughammer and Schreiber 1994) .
The kinetics of nonphotochemical quenching (NPQ) and state transition measurements in whole leaves were performed with a dual PAM-100 fluorometer as the previous method (Pietrzykowska et al. 2014) . Plants were dark-adapted for 1 h before the measurements. Fm value in State I (Fm') and State II (Fm'') were determined at the end of each state transition cycle by the application of the saturating light pulse.
The GSF-3000 photosynthetic system (Heinz Walz Instruments, Effeltrich, Germany) was applied to determine the net photosynthetic rate (PN), stomatal conductance (gs), intercellular carbon dioxide concentration (Ci), and transpiration rate (E) under PPFD of 1,500 µmol m −2 s −1 . Air humidity in the leaf chamber was about 70%. The CO2 concentration of 360 µmol mol −1 was applied for analysis of CO2 assimilation rate at room temperature.
Assay of reactive oxygen species (ROS) and tissue staining: Superoxide (O2 •-) and hydrogen peroxide (H2O2) of leaves were visualized using nitroblue tetrazolium (NBT) and 3,3-diaminobenzidine (DAB), respectively. The third leaf was cut at the leaf base and immersed in 0.5 mg(NBT) mL −1 or 2 mg(DAB) mL −1 solution for 2-8 h with vacuum infiltration in the dark. Then, the stained leaves were decolorized in 95% ethanol for 0.5-2 h in boiling water. Further, contents of O2 •and H2O2 in samples were determined, following the previous methods (Okuda et al. 1991, Verma and Mishra 2005) . For the analysis of cell death, the third leaf was stained by trypan blue (1.25 mg mL −1 , Sigma) following the method of van Wees (2008).
Antioxidant systems:
The enzymes were extracted from 0.5 g of fresh leaf tissues using a chilled mortar and pestle with 5 mL ice-cold 25 mM HEPES buffer (pH 7.8) containing 0.2 mM ethylenediaminetetraacetic acid (EDTA), 2 mM ascorbate, and 2% (w/v) polyvinylpyrrolidone (PPVP) at 4°C. The supernatants were collected and applied for the measurements of enzymes after centrifugation (12,000 × g, 20 min, 4°C). The reaction solution of superoxide dismutase (SOD, EC 1.15.1.1) assay (3 mL) contained phosphate buffer (50 mM, pH 7.8), EDTA-Na (0.1 mM), L-methionine (12 mM), riboflavin (2 μM), nitrotetrazolium blue chloride (75 μM), crude enzyme extract (100 μL), and riboflavin (20 μM). The 50% inhibition in the activity of nitroblue tetrazolium caused by the reduction at 560 nm was obtained as one unit of SOD activity (Giannopolitis and Ries 1977) . Peroxidase (POD, EC 1.11.1.7) activity was determined by measuring the oxidation of guaiacol (A470) in the reaction mixture (3 mL), containing phosphate buffer (2.9 mL, 50 mM, pH 7.0), guaiacol (50 μL, 10 mM), H2O2 (10 μL, 40 mM), and crude enzyme extract (40 μL). Catalase (CAT, EC 1.11.1.6) activity was detected by determining the initial rate of decomposition of H2O2 at 240 nm in the reaction mixture (3mL), containing phosphate buffer (50 mM, pH 7.0), H2O2 (20 mM), and crude enzyme extract (100 μL) (Beers and Sizer 1952, Havir and McHale 1987) . CAT activity was calculated using the molar extinction coefficient of H2O2 (40 mM -1 cm -1 ) and expressed as μmol(H2O2) min -1 mg -1 (DM). The assay of ascorbate peroxidase (APX, EC 1.11.1.11) was performed by adding the crude enzyme extract (100 μL) into the medium (3 mL) which contained HEPES-KOH (50 mM, pH 7.6), ethylenediaminetetraacetic acid (0.1 mM), H2O2 (0.2 mM), and ascorbate (AsA, 0.5 mM). Then, the decrease of AsA content at 290 nm was used to calculate APX activity (Nakano and Asada 1981) . APX activity was expressed as μmol(AsA) min -1 g -1 (DM). Glutathione peroxidase (GPX, EC 1.11.1.9) activity was determined by monitoring the formation process of guaiacol dehydrogenation product at 340 nm in a reaction mixture (3 mL), containing phosphate buffer (100 mM, pH 7.0), GSH (4 mM), NADPH (0.2 mM), GR (0.05 U) and 100 μL of the extract (Rico et al. 2013 ). The GPX activity was calculated using using the extinction coefficient 6.62 mM -1 cm -1 and was expressed as μmol(NADP + ) min -1 g -1 (DM). Glutathione reductase (GR, EC 1.6.4.2) activity was assayed by measuring the oxidation of NADPH at 340 nm in the reaction mixture (3 mL) that contained Tris-HCl buffer (0.25 M, pH 8.4), GSSG (4 mM), NADPH (1.5 mM), and 5,5ꞌ-dithiobis-2-nitrobenzoic acid (2 mM) (Foyer and Halliwell 1976). One unit (U) of GR was measured in terms of NADPH oxidized min -1 with a molar absorption coefficient of 6.2 mM -1 cm -1 .
Contents of reduced ascorbic acid (AsA) and dehydroascorbate (DHA) were analyzed by a high-performance liquid chromatography (HPLC) (Xu et al. 2012) . Approximately 0.2 g of wheat leaves were homogenized by the addition of 2 mL of 5% (w/v) metaphosphoric acid in ice bath. To extract AsA and DHA, the mixture was shaken at 4°C for 30 min and then the extract was centrifuged at 8,000 × g for 15 min. The extract was measured by HPLC, Agilent 1260 system using a C18-ODS (3.5 μm × 150 mm × 4.6 mm) column (Agilent, USA) and a UV/VIS detector. The run time of 10 min was chosen when the mobile phase was a phosphoric acid/methanol gradient. The absorbance was scanned at 254 nm. The measurement of contents of reduced glutathione (GSH) and oxidized glutathione (GSSG) were performed following the method of Bechtold et al. (2004) . The solution containing GSH and GSSG was extracted in ice-cold 1 mL of HCl (0.1 M) from 0.2 g fresh wheat leaves which were ground in liquid nitrogen and the extract was kept on ice for 30 min. The supernatant was prepared to measure the glutathione content by HPLC after centrifugation (20,000 × g, 10 min). In order to measure the total GSH, dithiothreitol (DTT) was used for the reduction of GSSG to GSG. The absorbance was scanned at 210 nm by an Agilent 1260 system (Agilent Technologies, USA).
Thylakoid isolation, gel electrophoresis, and immunodetection:
Thylakoid membranes were isolated from wheat leaves under dim light with 10 mM NaF (Chen et al. 2016b) . The Chl concentration of the thylakoid protein extracts was calculated as proposed previously by Porra et al. (1989) . Isolated thylakoid proteins were separated by 15% SDS-PAGE and subsequently transferred to the PVDF membrane (Immobilone, Millipore, Darmstadt, Germany). Thylakoid proteins were detected with specific antibodies against the D1, D2, CP43, PsbS, Lhcb1-3, Lhcb4 (CP29), Lhcb5 (CP26), Lhcb6 (CP24) and Lhca1-4 proteins, which were purchased from Agrisera Comp. (Umea, Sweden). Detection of phosphoproteins was performed with the anti-phospho/threonine antibody (Cell Signaling, Ipswich, MA, USA). The ECL reagent (GE Healthcare) was applied for detection of the immunoblots. The Quantity-One software (Bio-Rad Comp., Hercules, CA, USA) was used for analysis of signal amplitudes of the immunoblots.
Gene expression analysis:
Total RNA from wheat seedlings was extracted by using the Plant RNA Isolation Kit (Invitrogen, USA) and treated with RNase-free DNase (2212, Takara) according to the manufacturerꞌs instructions. For qRT-PCR analysis, specific primers of eight stress-responsive genes (TaMYB73, TaABC1, TaOPR1, TaASR1, TaWRKY44, TaWRKY2, TaWRKY19, and TaCIPK29) were synthesized (Table 2S , supplement). Stress-associated genes in wheat plants were analyzed by qRT-PCR according to the method of Zhang et al. (2015) . SYBR Premix Ex Taq TM II Master (TaKaRa, Japan) was used for quantitative gene expression assays. Based on the comparative threshold cycle method (2 -ΔΔC T method) (Livak and Schmittgen 2001) , relative gene expression levels were showed. A fragment of wheat actin gene (AB181991) was used as a positive control.
Statistical analysis:
All data were presented as the mean values ± standard deviation (SD). For each measurement, at least four independent replicates were carried out. Statistical analysis was performed using SPSS Statistics 19.0 software (IBM, Chicago, IL), and the comparison was done using Duncanꞌs multiplication range test. Different letters above the columns of figures indicated to be statistically significant among treatments when P<0.05.
Results
Changes in symptoms, Chl content, and RWC under three environmental stresses: The symptoms of wheat under three environmental stresses were shown in Fig. 1A . Compared with control plants, wheat leaves showed mild wilting under osmotic stress for 1 d. However, 3 d of osmotic stress resulted in the obvious wilting. In addition, we found that high light and salt stress did not lead to the significant changes in symptoms of plants compared with the control. Consistently, RWC significantly decreased by 25.0 and 42.1% under osmotic stress for 1 and 3 d, respectively, compared with the control (Fig. 1SA) . These results suggest that osmotic stress probably resulted in the severest damage to wheat as compared to high light and salt stress. Although the decrease in Chl content is a common phenomenon under environmental stresses (Chen et al. 2017 ), Fig. 1B shows no significant differences in Chl a/b under all three environmental stresses compared with the control (Fig. 1C ), while the total Chl content exhibited a significant decline ( Fig. 1B) . Compared to high light, osmotic stress led to the most obvious decline in Chl content, suggesting that wheat suffered severe damage.
Total proteins, proline, and soluble sugar content: The content of total proteins was significantly reduced under high light for 3 h, osmotic stress for 1 and 3 d, and salt stress for 3 d compared with that observed in the control (Fig. 1SB ). Contrarily, contents of proline and soluble sugars significantly increased in the leaves of wheat under three environmental stresses (Fig. 1SC,D) . Under severe stress, the highest increase in proline and soluble sugar contents was observed under osmotic stress compared with the control.
ROS, lipid peroxidation, and cell death:
To investigate differences in oxidative damage under three different stresses, the contents of the two major ROS species were analyzed. Compared with control, the different changes in ROS accumulation were observed ( Fig. 2A,B ). Both O2 •and H2O2 were significantly accumulated in the leaves of wheat under three stressful conditions relative to the control plants. Furthermore, the accumulation of O2 •and H2O2 was more apparent under osmotic stress than that of high light and salt stress. In order to confirm further these results, contents of O2 •and H2O2 in leaves were measured under three environmental stresses (Fig. 2SA,B) . Similarly, the most obvious increase in the contents of ROS was found under osmotic stress. Contents of O2 •and H2O2 under osmotic stress for 3 d increased significantly by 175.9 and 169.8%, respectively. The degree of oxidative damages in wheat exposed to three environmental stresses was evaluated by the content of MDA and EL. The three stresses significantly increased the MDA content and EL compared with the control (Fig. 2SC,D) . However, 3 d of osmotic stress and salt stress resulted in more significant increase in MDA content and EL than that of high light relative to the control.
In order to detect further the effect of high ROS accumulation on wheat seedlings, the cell death was investigated in wheat leaves exposed to three environmental stresses. More intensive blue stains were observed in leaves exposed to three environmental stresses, indicating that obvious cell death occurred under such stressful conditions in wheat (Fig. 2C,D) . Furthermore, we found that osmotic stress and salt stress resulted in a more serious cell death than that of high light. The results obtained from ROS accumulation and cell death suggest that wheat suffered severer oxidative damage from osmotic stress compared to high light and salt stress.
Enzymatic and nonenzymatic antioxidant activities:
The discrepancy regarding ROS accumulation led us to further explore antioxidant defense systems in wheat. Under high light, the activities of all antioxidant enzymes except for CAT significantly increased compared with the control plants ( Fig. 3) . However, high light for 3 h resulted in the significant decrease in the activities of these enzymes compared to high light for 1 h. The activities of six antioxidant enzymes showed the significant increase and decrease under osmotic stress for 1 and 3 h compared with the control, respectively (Fig. 3) . Under salt stress, the activities of POD, CAT, APX, GR, and GPX showed a detectable increase relative to the control (Fig. 3) . These results indicated that wheat probably had different redox regulation under different environmental stresses.
Some important antioxidants, such as AsA/DHA and GSSG/GSH, were further studied. Concentrations of AsA and GSH greatly decreased, while contents of DHA and GSSG significantly increased under three environmental stresses compared with the control, especially under the severer stresses (Fig. 3S, supplement) . However, osmotic stress resulted in the most obvious changes in contents of antioxidants among those three stresses. Different letters indicate significant differences (P<0.05) according to Duncanꞌs multiplication range test. CK, nonstressed wheat plants; high light for 1 and 3 h; osmotic stress for 1 and 3 d; salt stress for 1 and 3 d.
Photosynthesis:
Only 3 d of osmotic stress decreased significantly the value of the maximal quantum yield of PSII photochemistry (Fv/Fm) compared with the control (Fig. 4A ). Furthermore, compared with the control, a sharp decrease in the quantum yield of PSII electron transport (ΦPSII) was found under all three stresses (Fig. 4B) . In contrast, the nonphotochemical quenching coefficient (qN) showed a significant increase under high light for 3 h, and osmotic stress and salt stress for 1 and 3 d (Fig. 4A ). In addition, the values of the photochemical quenching coefficient (qP) decreased obviously under high light for 3 h, osmotic stress for 1 and 3 d, and salt stress for 3 d (Fig. 4D) .
Compared with the control, 1 d of osmotic stress resulted in the rapid increase in NPQ (Fig. 5 ). However, induction of NPQ under other stresses, except for salt stress for 1 d, was lower and arrived at lower amplitudes relative to the control, especially for osmotic stress for 3 d. Moreover, dark recovery of NPQ was different between those three stresses. Except for high light, the value of NPQ under osmotic stress and salt stress relaxed to the similar level of that of the control in the dark, which was nearly equal to the control. We also determined the capacity of State I to State II transition under three environmental stresses (Fig. 4S, supplement) . Compared with the control, a higher decrease in fluorescence was observed under high light and osmotic stress when illumination was provided with red light or far-red light. However, there was no obvious difference in state transition between salt stress and the control.
Compared with the control, three environmental stresses led to the significant decrease in PN, E, and gs, while the obvious increase of Ci was observed (Fig. 5S,  supplement) . However, the most significant decrease or increase in gas-exchange parameters was found under osmotic stress compared with the control, especially osmotic stress for 3 d.
Although PSI quantum yield (ΦPSI), the quantum yield of nonphotochemical energy dissipation of PSI reaction centers due to an acceptor side limitation (ΦNA), and the quantum yield of nonphotochemical energy dissipation in PSI reaction centers due to donor-side limitation (ΦND) showed no significant difference between three environmental stresses and the control in all light intensities, a significant decrease in the maximal P700 signal (Pm) was observed under high light for 3 h, and osmotic and salt stress for 3 d (Fig. 6S, supplement) . 
Thylakoid membrane protein contents and phosphorylation:
Compared with the control, three environmental stresses caused a significant decrease in the amount of D1 protein, especially the osmotic stress for 3 d (Figs. 6A;  7S, supplement) . However, the content of PsbS showed significant increase under three stresses as compared with the control. Interestingly, only high light for 3 h resulted in the significant increase in the amounts of CP26 and CP24 among three environmental stresses compared with the control (Figs. 6C, 7S ). Other analyzed thylakoid membrane proteins showed no detectable changes between stressed and the control plants. In addition, the phosphorylated pattern of PSII subunits was also analyzed by phosphoprotein-specific immunoblotting. Although the phosphorylation level of LHCII and CP43 did not exhibit any obvious differences between three environmental stresses and the control, the accumulation of phosphorylated-D1 (P-D1) and P-D2 markedly increased under high light, salt stress, and osmotic stress for 1d ( Fig. 7) . However, 3 d of osmotic stress resulted in the obvious decrease in the phosphorylation level of D1 and D2 relative to the other stresses (Fig. 7) .
Expression of stress-associated genes:
Obvious differences in the expression of eight stress-responsive genes (TaMYB73, TaABC1, TaOPR1, TaASR1, TaWRKY44, TaWRKY2, TaWRKY19, and TaCIPK29) were found under three environmental stresses (Fig. 8) . Compared with the control, high light resulted in the significant decrease in the expression of all stress-associated genes except for TaASR1 (Fig. 8) . However, high light for 3 h significantly increased the expression of TaABC1, TaOPR1, TaWRKY44, TaWRKY2, and TaCIPK29 compared to high light for 1 h (Fig. 8B,C,E,F,H) . In addition, the expression of TaMYB73, TaABC1, TaOPR1, and TaCIPK29 under osmotic stress substantially increased compared with the control, whereas the expression of TaASR1 and TaWRKY19 was obviously upregulated (Fig. 8D,G) , especially for osmotic stress for 3 h. However, we found that salt stress significantly downregulated the expression of eight stress-associated genes relative to the control. Thus, these results indicated that wheat plants can response to different environmental stresses through regulating the expression of different stress-responsive genes.
Discussion
Environmental stresses usually lead to large losses in crop yield in the world (Boyer 1982) . However, many crops have evolved various mechanisms to cope with the adverse environments. Many studies have also indicated that different plant species can alleviate the oxidative damage and thereby improve photosynthesis through redox regulations under environmental stresses (Rizhsky et al. 2004 , Chen et al. 2011 , 2017 . In this study, we investigated the different oxidative stress and redox regulations in wheat under three environmental stresses.
Changes in water status and subsequent plant wilting are a common phenomenon under environmental stresses, especially drought (Zhang et al. 2013 , Chen et al. 2016a . Our results showed that obvious wilting and decline in RWC occurred in wheat under osmotic stress. The reason might be the lower osmotic adjustment of plants under osmotic stress, induced by PEG than other environmental stresses (Ranjbarfordoei et al. 2002) . Our previous studies indicated that the reduction in photosynthetic pigments is a common phenomenon under stressful conditions (Chen et al. 2016a (Chen et al. , 2017 . In the present experiment, three environmental stresses reduced the pigment content in wheat. The reduction of Chl content can be attributed to the enhancement of Chl degradation (Chen et al. 2017 ). Furthermore, our study showed that osmotic stress mar- Values are means ± SD from four independent biological replicates (n = 4). Asterisks show statistically significant differences when P<0.05 (Duncanꞌs multiplication range test). CK, nonstressed wheat plants; high light (HL) for 1 and 3 h; osmotic stress (OS) for 1 and 3 d; salt stress (SS) for 1 and 3 d. kedly decreased Chl content relative to high light and salt stress. This finding indicated that wheat plants suffered more severe damage under osmotic stress.
Two important osmotic regulators, soluble sugars and proline, usually accumulate to prevent water loss under abiotic stress in many plants Huang 2010, Chen et al. 2017) . Our results showed that the obvious increase in two osmotic regulators occurred under three environmental stresses. In addition, more pronounced contents of proline and soluble sugars were found in wheat under severe osmotic stress. Osmotic regulators provide some means of maintaining cellular turgor in order to balance the rapid declines of tissue water potential (Bowne et al. 2012) . Therefore, our findings suggested that plants could alleviate the damage to the cell by adjusting the osmotic regulators under different environmental stresses.
Environmental stresses can result in the excessive generation and accumulation of ROS and subsequently cause the oxidative stress and cell death in many plants (Singh and Singhal 2001 , Chen et al. 2017 .
Our results showed that three environmental stresses remarkably induced ROS accumulation and cell death in wheat leaves. In addition, it has been shown that the large accumulation of ROS may damage the integrity of cell membranes under environmental stresses in plants (Smirnoff 1993 , Chen et al. 2018 . MDA and EL are regarded as two important indicators of the redox status (Zhang et al. 2014) . In accordance with the data obtained from ROS accumulation, we found that MDA and EL were largely accumulated in wheat plants under three environmental stresses. Furthermore, our results showed that ROS accumulation, the content of MDA and EL, and cell death were more severe under osmotic stress. However, high light resulted in the relative low ROS accumulation and cell death, particularly under severe stressful conditions. Therefore, these findings implied that wheat plants have a different redox regulation under different environmental stresses.
To maintain redox homeostasis in vivo and alleviate oxidative stress under environmental stresses, an effective antioxidant defense system containing enzymatic and nonenzymatic antioxidants usually plays an important role in protecting plants against oxidative damage. Some reports found that the activities of antioxidant enzymes showed different changes in different plants under stressful conditions (Bartoli et al. 1999 , Chaitanya et al. 2002 , Chen et al. 2018 ). In the present study, we found that the activities of almost all antioxidant enzymes markedly increased under three mild environmental stresses. This is probably because wheat plants can alleviate the oxidative damage from ROS accumulation effectively by activating antioxidant enzyme system rapidly (Chen et al. 2017) . However, the activities of antioxidant enzymes showed different changes under severe stresses. The decrease in the activities of several antioxidant enzymes under 3 h of high light relative to 1 h of high light should contribute to photoinhibition under long-term high light. Under salt stress for 3 d, almost all antioxidant enzymes still maintained high activities, suggesting that wheat plants can low the generation of ROS effectively by improving the antioxidant enzyme activities under severe salt stress. However, 3 d of osmotic stress resulted in the significant decline in the activities of all antioxidant enzymes. This may be because plants suffered the disruption in antioxidant enzymatic system under severe osmotic stress. In addition, the ASA-GSH cycle also plays an important role in direct quenching of ROS and control of the redox state of photosynthesis (Noctor and Foyer 1998) . In the present study, these differences in antioxidant enzyme activities were further identified by the concentrations of AsA/DHA and GSH/GSSG under three severe environmental stresses.
Chl fluorescence is usually considered as a noninvasive probe in studying photosynthetic performance under various environmental stresses in plant species (Murata et al. 2007 , Chen et al. 2017 . Fv/Fm is the maximal PSII quantum yield and is rather insensitive to environmental stresses (Sperdouli and Moustakas 2012 , Chen et al. 2016a . In the present study, the significant changes in Fv/Fm were found under severe osmotic stress. The reason was probably because the reaction center of PSII suffered serious damage under severe stressful condition. In addition, the significant decrease of ΦPSII and qP was observed under heavy environmental stresses, suggesting a reduction in the photochemical efficiency of the PSII (Baker 2008). Gas-exchange parameters are a good indicator for stress tolerance in plants (James et al. 2008) . The decrease of photosynthetic capacity was confirmed by low PN, gs, and E under three environmental stresses, especially for severe osmotic stress.
It is well known that excess light energy is harmlessly dissipated as NPQ, which is the important photoprotection process in photosynthesis. In the present study, the low level of NPQ under three environmental stresses indicated that wheat plants did not effectively dissipate excess light energy by heat and thereby decrease the efficiency of photochemical reactions of photosynthesis (Gilmore 1997 , de Bianchi et al. 2008 . The results were further confirmed by the value of qN, which is the most sensitive indicator in evaluating the earlier environmental stress. Furthermore, state transitions, as another important photoprotective mechanism, play a key regulatory role in the process of energy dissipation by binding LHCII with PSI or PSII (Allen 1992) . Here, our results showed that state transitions of three environmental stresses differed from the control, especially under severe osmotic stress. The reason is probably because LHCII cannot migrate effectively between PSI and PSII under severe environmental stresses. Therefore, our results suggested that wheat plants dissipate the excessive light energy through the different photoprotective mechanism under different environmental stresses.
Although PSII is more vulnerable to environmental stresses than PSI, the damage of PSI is a more severe problem due to its slower recovery (Sonoike 2011) . A previous study indicated that the oxidized P700 + acted as a remover of excessive reducing power to protect PSI from photoinhibition (de Bianchi et al. 2011) . In this present study, a significant decrease in Pm was found under three severe environmental stresses. It is probably due to a permanent reduction of PSI donor side to protect PSI against the oxidative damage.
Our recent studies indicated that several PSII proteins, mainly including D1, PsbS, CP26, and CP24 showed different response to environmental stresses in different plants (Chen et al. 2016a (Chen et al. , 2017 (Chen et al. , 2018 . In this study, the severe osmotic stress resulted in the high decline in D1 protein relative to high light and salt stress, suggesting that severe environmental stresses damaged PSII reaction center and subsequently hampered turnover of D1 protein.
Our previous study indicated that the content of the PsbS protein increased under long-term drought stress in Arabidopsis thaliana, which induced the formation of NPQ (Chen et al. 2016a ). In the present study, the significant increase in the content of PsbS under three environmental stresses may occur because it plays an important role as a kinetic modulator of the energy dissipation process (Ware et al. 2014 ). In addition, CP24 and CP26 are also involved in the energy dissipation in plants (Kovács et al. 2006) . Our recent study indicated that the CP26 and CP24 proteins remarkably increased in wheat under heat and high light combined stress (Chen et al. 2017) . Our results showed that only severe high light stress resulted in the increase in CP26 and CP24. Therefore, the upregulation of CP24 and CP26 is probably necessary for the dissipation of excess light energy under long-term high light stress. Numerous earlier reports have shown that reversible phosphorylation of PSII proteins is mainly involved in the PSII-repair cycle under environmental stresses (Fristedt et al. 2009, Tikkanen and Aro 2012) . In the present study, we found that the levels of D1 and D2 protein phosphorylation significantly increased under three environmental stresses except for severe osmotic stress, suggesting that the rapid and strong phosphorylation of PSII reaction center proteins was necessary for the PSII-repair cycle under environmental stresses in wheat plants (Chen et al. 2017) . Therefore, our results indicated that wheat plants had different mechanisms to respond to different environmental stresses by regulating the levels of PSII proteins and phosphorylated proteins.
Many previous studies have indicated that over-expressing the wheat stress-responsive genes, such as TaMYB73, TaABC1, TaOPR1, TaASR1, TaWRKY44, TaWRKY2, TaWRKY19, and TaCIPK29 , can improve environmental stress tolerance in transgenic plants (Wang et al. 2011 , He et al. 2012 , Niu et al. 2012 , Dong et al. 2013 , Wang et al. 2015 .
In the present study, we measured the expression of eight marker genes involved in stress response by qRT-PCR in wheat plants under three environmental stresses. Previous research showed that TaMYB73, TaOPR1, and TaCIPK29 are involved in salt stress (He et al. 2012 , Dong et al. 2013 . Our results indicated that salt stress led to the most obvious decrease in the expression of TaMYB73, TaOPR1, and TaCIPK29 after three environmental stresses, suggesting that these genes might be involved in salt-stress tolerance. TaASR1, as a transcription factor gene in wheat, could improve the osmotic stress tolerance by activating antioxidant system genes in transgenic tobacco ). In the present study, we found that only osmotic stress significantly upregulated the levels of TaASR1, indicating that TaASR1 may play an important regulatory role in improving osmotic stress tolerance in wheat. It has been shown that overexpression of TaABC1, TaWRKY44, TaWRKY2, and TaWRKY19 could confer abiotic stress tolerance in transgenic plants (Wang et al. 2011 (Wang et al. , 2015 Niu et al. 2012) . The present study showed that severe salt stress resulted in the remarkable decrease in the expression of these genes. The reason may be that these genes are sensitive to salt stress. The obvious increase in the levels of TaABC1, TaWRKY44, and TaWRKY2 under high light for 3 h was probably because they were acting under long-term high light stress. In addition, the high transcript levels of TaABC1, TaWRKY44, TaWRKY2, and TaWRKY19 under osmotic stress suggest that these genes were possibly involved in osmotic stress tolerance, especially TaWRKY19.
Conclusions:
In the present study, we found that plants could adjust the redox status in vivo by the different changes in the antioxidant defense system, regulating different stress-responsive genes, and PSII protein phosphorylation under different environmental stresses. The results showed that osmotic stress and high light caused the highest and lowest oxidative damage to wheat plants among three environmental stresses, respectively. Under salt stress, rapid responses of POD, APX, and GR were detected. Moreover, eight stress-associated genes showed different expression levels under three environmental stresses, especially the significant expression of TaASR1 under osmotic stress. In addition, analyses of thylakoid proteins indicated that the levels and phosphorylation of PSII reaction center proteins showed the different changes in wheat plants under three environmental stresses. However, the receptors and response pathways of plants under different environmental stresses still need to be further investigated.
